Femtosecond point-projection microscopy (fs-PPM) is an electron microscopy technique that possesses a combination of high spatio-temporal resolution and sensitivity to local electric fields. This allows it to visualize ultrafast charge carrier dynamics in complex nanomaterials. We benchmark the capability of the fs-PPM technique by imaging the ultrafast dynamics of charge carriers produced by multiphoton ionization of silver nanowires. The space-charge driven motion of photoelectrons is followed on sub-100 nm length scales, while the dynamics are captured on 30-100 fs time scales. The build-up of electron holes in the silver nanowires following photoelectron ejection, i.e. positive charging, has also been observed. The fastest observed photoelectron temporal response is 33 fs (FWHM), which represents an upper estimate of the instrument response function and is consistent with an expected electron wavepacket duration of 13 fs based on simulations.
The functionality of a nanomaterial is inherently linked to the composition and structure of its nanoscale building blocks, e.g. quantum dots [1], nanowires [2] and/or 2D materials [3] . The interplay between structure and charge transport at the nanoscale in these complex systems often plays a crucial role in the development of new technological devices and applications. Directly visualizing charge carrier motion in these systems requires a technique that ideally possesses femtosecond temporal resolution, nanometer spatial resolution, and a high sensitivity to excited charge carrier populations. Over the past few decades powerful ultrafast microscopy techniques have been developed that have, to varying extents, realized this combination of extreme requirements.
Optical pump-probe microscopy and spectroscopy [4] have, for example, been extensively used to study charge carrier generation and propagation in many diverse and technologically relevant systems [5] [6] [7] [8] [9] . The temporal resolution of ultrafast optical microscopy is fundamentally only limited by the optical probe pulse duration, which can be well below 10 fs. However, the attainable spatial resolution is limited by the wavelength of light and is, consequently, on the order of a few hundred nanometer. Using near-field confinement [10] , or decreasing the wavelength of the light into the XUV [11, 12] or soft Xray spectral range [13] , it is possible to improve the spatial resolution of optical pump-probe imaging techniques down to 10 nm.
A fundamentally different approach is taken by ultrafast microscopy techniques that employ electrons as probes. The inherently small de Broglie wavelength of electrons in principle enables achieving a spatial resolution well beyond that of optical microscopy techniques. For example, time-resolved photoelectron emission microscopy has achieved spatial resolutions on the order of few tens of nm and a temporal resolution equivalent to that of optical microscopy techniques [14] [15] [16] [17] . Techniques that seek to expand conventional scanning and transmission electron microscopy to the femtosecond regime and are capable of visualizing nanoscale carrier motion have also been demonstrated [18] [19] [20] [21] [22] [23] . A major challenge for the latter approach has been the dispersive and space-charge induced electron pulse spreading during propagation through the electron optical column of the microscope. This currently limits the achievable temporal resolution to the few hundred femtosecond range, though techniques based on coherent electron-light interactions have been demonstrated that could enable electron microscopy with attosecond temporal resolution in the future [24, 25] .
An attractive alternative for achieving nanometer spatial and femtosecond temporal resolution using electrons as probes is femtosecond point-projection microscopy (fs-PPM) [26] [27] [28] . The combination of a nanotip electron source and lens-less imaging allows for a temporal resolution comparable to ultrafast optical microscopy and a spatial resolution that can, in principle, reach the single nm level [29] [30] [31] [32] . Due to the use of low-energy, i.e. sub-1 kV, electrons, fs-PPM is highly sensitive to local electric fields [33] , which makes it especially well suited to visualizing charge carrier separation and dynamics [27] . The first experimental studies with fs-PPM were applied to imaging surface photovoltage dynamics in semiconductor nanowires [27] and photoelectron generation from nanotips [28] . These initial experiments established the capability of the fs-PPM technique to reach sub-100 nm spatial resolution, while imaging charge carrier dynamics on a 100 fs timescale. However, though simulations have indicated a temporal resolution comparable to the optical excitation pulse duration, so far the experiments employing fs-PPM have not demonstrated experimentally the capability of the technique to image sub-100 fs dynamics and were either limited by the slow sample system dynamics [27] , or by the large tip-sample distance [28] and the resulting long electron pulse durations.
In this paper, we report a benchmark experiment that visualizes dynamics that are considerably faster than what has been shown so far with this technique, illus- trating the potential of fs-PPM in combining nanoscale spatial and femtosecond temporal resolution in imaging charge carrier dynamics. The multiphoton ionization and subsequent space-charge driven dynamics of photoelectrons emitted from silver nanowires is captured on timescales as low as 33 fs. It is also shown that the dynamics are highly dependent on the sample structure and that they vary on a sub-100 nm scale, demonstrating the advantage of combining nanometer spatial and femtosecond temporal resolution.
A schematic illustration of the experimental setup is shown in Fig. 1 . In PPM a nanotip that acts as a pointlike source of electrons is brought close to the sample such that the diverging electron beam projects a magnified image of the sample onto the detector [34, 35] . In fs-PPM the imaging electrons are generated by focusing an ultrashort laser pulse on the apex of a metallic nanotip, which leads to non-linear photoemission of an ultrashort electron pulse. The combination of a nanotip source and lens-less imaging allows for an ultra-compact microscope column, where the distance from the electron source to the sample is on the micrometer scale. This minimizes the effect of dispersive broadening and allows for an electron pulse duration comparable to that of the optical excitation pulse [30] . It is important to note that the projection image produced by the electron beam is not merely a geometric projection of the sample, but contains information on electric fields at the sample through lensing effects [33, 36] . Local fields cause the imaging (probe) electrons to be deflected while passing by the sample and result in the appearance of bright or dark features in the projected image, depending on whether the electrons are attracted or repelled by those fields (see Fig. 1 ).
The experiment was performed using a pump-probe scheme, in which an ultrashort laser pulse excites the sample, photoionizing the silver nanowires, and a timedelayed electron pulse records an ultrafast image of the nanoscale system. Laser pulses of 8 fs duration at 800 nm and a repetition rate of 1 MHz were used for the experiment, with pump and probe excitation pulse energies of 10 nJ and 0.6 nJ, respectively. Both laser pulses were focused onto the sample and tip apex by silver parabolic mirrors, reaching estimated fluences of 14 mJ/cm 2 and 2 mJ/cm 2 , respectively. In order to facilitate optical access of the probe excitation laser pulse to the nanotip the sample was inclined with respect to the nanotip by ∼8.5
• . The imaging electrons were accelerated by a tip voltage of -207 V, while the sample was kept at ground potential. The tip-sample distance was 20 µm, resulting in a geometric magnification factor of ∼5000, and was chosen such that there was no observable photoelectron generation from the nanotip by the pump pulse, while at the same time minimizing the propagation distance for the electron pulse. Silver nanowires (Sigma-Aldrich) with a nominal diameter of 60 nm and a length of 10 µm were deposited from a colloidal solution onto a lacey carbon transmission electron microscopy grid by dropcasting. Figure 2 shows an experimental pump-probe timesequence, where frames (b)-(g) show difference images with respect to the reference image (a) of the sample before photoexcitation. The silver nanowires are visible in the reference image as bright stripes, due to the presence of static electric fields that lead to the formation of an electron biprism lens [33, 36] . After photoexcitation, locations with strong photoelectron emission are clearly visible in the difference images as regions with transiently reduced transmission, e.g. blue color regions annotated with e − in Fig. 2(f) . In this case the presence of the photoelectrons leads to a locally repelling electric field on the imaging electrons that acts as a negative lens and causes a reduction of up to 75% of the intensity in the projected image. Besides the strong transient suppression of the signal in regions where photoelectrons are emitted, the positive charging of the nanowires themselves can be observed as well, e.g. red color regions indicated by h + in Fig. 2(f) . The positive charging of the nanowires upon emission of photoelectrons leads to an enhancement of the electron biprism effect and therefore to an increase in their apparent brightness in the projection images. Finally, we point out that in the difference image time-sequence the dynamics in the top right corner of the images appears to start sooner than in the lower left corner. In Fig. 2(c) clear photoelectron emission signatures can be seen in the top right corner, whereas the first onset of photoelectron emission in the lower left corner only becomes visible in frame (e), after a ∼60 fs delay. This effect can be attributed to propagation path length differences that result from the 8.5
• inclination of the sample with respect to the probing electron beam, and the geometric curvature of the electron probe pulses produced by the the point-like electron source [30] . Due to ) and (h + ), respectively; (h) enlarged image of the specific photoelectron emission region that is analyzed in Fig. 4 . Scale bars: 500 nm. Fig. 2(g ) and (h), and the corresponding error-function fits (solid lines). The full width at half maximum time of the Gaussian distribution corresponding to the fitted curves are indicated in brackets and the time zero positions by dashed lines.
FIG. 3. Time responses at points A-E indicated in
the low velocity of the probe electrons there can be a considerable time delay in the arrival of the probe pulse across the sample, which causes an effective shift of the time zero across the field-of-view.
We now investigate the dynamic behavior at a few exemplary positions in more detail, labeled as points A-E in Fig. 2(g) and (h) . The time response at these points is shown in Fig. 3 , together with fitted error-function curves (solid lines) of the form I(t) = A+B(1+erf((t−t 0 )/ √ 2σ). For each curve the full width at half maximum (FWHM) time τ of the Gaussian distribution corresponding to the fitted standard deviation σ is indicated in brackets, while the fitted time zero t 0 is marked by a vertical dashed line. First, we observe that the time constants show a rather large spread in values: at points B and D we find τ < 40 fs, whereas at points A, C and E it varies between 64 − 99 fs. In particular, we observe that the positively charging nanowires (point E) have a dynamic response that is much slower than that of the photoelectrons. This is because the former involves hole propagation within the nanowire, whereas the latter is due to the propagation of photoelectrons driven by strong space-charge forces resulting from the high photoemission densities under the current experimental conditions. Second, we see a clear shift in the fitted time zero at each position. These time zero shifts can be attributed to two distinct effects: (1) probe electron path length differences, which were pointed out previously, and (2) charge carrier propagation effects. The ∼80 fs time zero shift between points A and D, which are 1.6 µm apart in the sample plane, can largely be explained by the first effect. However, points A, B and C are separated by ∼100 nm from each other, such that probe path length difference effects can only account for a time zero difference of less than 4 fs. The time zero shifts between curves A, B and C, which are on the order of few tens of fs, can therefore be attributed to photoelectron propagation effects.
In order to study photoelectron emission and propaga- tion dynamics in the immediate vicinity of the nanowires we show in Fig. 4 a map of the time constants (τ ) and time zeros (t 0 ) for the entire region indicated in Fig. 2(h) . The fitting constants are obtained from error-function fits, such as those shown in Fig. 3 , at a regular grid within in the region of interest. In the time constant map in Fig.  4 (a) we indeed see that the speed of the photoelectron dynamics is spatially inhomogeneous; the time constants of the dynamics in the small 100 nm region to the left of the dashed red line are 30-40 fs, while in the region to the right they are in the range of 40-100 fs. Furthermore, the expansion and propagation of the photoelectron charge distribution can be observed directly in the time zero map in Fig. 4 Finally, we address the relation between the temporal resolution and the observed photoelectron dynamics in the current experiment. Space-charge effects are frequently used as a cross-correlation tool for evaluating the temporal resolution of femtosecond electron diffraction and microscopy techniques [28, [37] [38] [39] [40] . Disregarding intrinsic photoelectron emission dynamics, the lowest time constants observed in the current experiment provide us with an upper limit on the instrument response function of 33 fs (FWHM). In the single electron per pulse regime the fs-PPM setup was operated for this experiment, the probe electron pulse duration at the sample is determined by dispersive pulse broadening only. An estimate of the dispersive pulse broadening for current experimental conditions was obtained using a particle tracing model that simulates the spread in arrival times of on-axis probe electrons with different initial energies [30, 32] . Assuming an initial energy spread of 0.75 eV [26, 41] we obtain a pulse duration at the sample of 13 fs (FWHM). Another important factor that affects the effective time resolution of the fs-PPM setup is the traversal time of the low energy probe electrons through the interaction volume in the sample plane. Two factors that influence this are the sample system extent in the electron beam propagation direction (∼60 nm) and mechanical vibrations between the tip and sample (∼100 nm), which contribute an estimated additional 12 fs to the effective temporal resolution. Increasing the mechanical stability of the setup is therefore expected to improve both the temporal and spatial resolution.
In conclusion, the results presented here demonstrate the potential of the fs-PPM technique to image ultrafast charge carrier dynamics in a nanoscale system down to 30 fs time and sub-100 nm length scales. We expect that improving the mechanical stability of the experimental setup and using surface plasmon polariton based electron sources [31, 32] will lead to the realization of femtosecond low-energy electron holography (fs-LEEH) with few nm and sub-10 fs spatio-temporal resolution. Static low-energy electron holography has recently been shown to be extremely sensitive to local electric fields and is capable of imaging a single elementary charge adsorbed on graphene [42] . With fs-LEEH more detailed studies of the effects that influence photoelectron dynamics following photoemission, such as e.g. electron re-scattering [43] , will become possible. Moreover, combining the high spatio-temporal resolution of fs-LEEH with holographic phase information may also allow for studying coherent plasmonic effects and electron-light interactions in near fields [19] . More generally, we expect fs-LEEH to be especially suitable for the study of photoinduced charge carrier separation and motion in complex nanostructured materials and systems, such as quantum dots [11] nanowires [44] , and 2D materials [45, 46] . 
